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Abstract

Rugged topography along the Colorado River in Glen and Grand Canyons, exemplifies features common to canyon-bound
streams and rivers of the arid southwest. Physical relief influences regulated river systems, especially those that are altered, and
have become partially reliant on aquatic primary production. We measured and modeled instantaneous solar flux in a topograph-
ically complex environment to determine where differences in daily, seasonal and annual solar insolation occurred in this river
system. At a system-wide scale, topographic complexity generates a spatial and temporal mosaic of varying solar insolation.
This solar variation is a predictable consequence of channel orientation, geomorphology, elevation angles and viewshed. Mod-
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photon flux density (PPFD:�mol m−2 s−1) and daily insolation levels (relative error 2.3%, CI±0.45, S.D. 0.3,n = 29,813).
Mean annual daily insolation levels system-wide were estimated to be 36 mol m−2 d−1 (17.5 S.D.), and seasonally varied on
average from 13.4–57.4 mol m−2 d−1, for winter and summer, respectively. In comparison to identical areas lacking topogra
effect (idealized plane), mean daily insolation levels were reduced by 22% during summer, and as much as 53% during
Depending on outlying topography, canyon bound regions having east–west (EW) orientations had higher seasonal v
averaging from 8.1 to 61.4 mol m−2 d−1, for winter and summer, respectively. For EW orientations, 70% of mid-channel s
were obscured from direct incidence during part of the year; and of these sites, average diffuse light conditions persi
19.3% of the year (70.5 days), and extended upwards to 194 days. This predictive model has provided an initial quantita
to estimate and determine the importance of autotrophic production for this ecosystem, as well as a broader application
canyon systems.
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1. Introduction

Vertical relief interferes with incoming solar in-
cidence and can dramatically affect ecosystem en-
ergetics, particularly in canyon-bound regions or
along densely vegetated streams (Vanote et al., 1980;
Hawkins et al., 1982; Monteith and Unsworth, 1990).
Physical obstructions are recognized for having pro-
nounced effects on daily, seasonal, and annual so-
lar insolation levels (Hill, 1996). Subtle differences
in altitude angles, elevation surface gradients, sky-
light, and orientation generate varying levels of spa-
tio/temporal complexity (Kumar et al., 1997; Dozier
and Frew, 1990). In GIS-modeled environments, solar
radiation models have been used effectively to estimate
insolation differences on large-scale geographic sur-
faces (mountainous and canyon terrain) (Dozier and
Outclat, 1979; Rich et al., 1995). However, studies
on topographic effects in river ecosystems are un-
common, owing perhaps to methodological constraints
(e.g., grid-size limitations, sampling devices) used to
determine photosynthetic photon flux density (PPFD:
�mol m−2 s−1).

The Colorado River (CR) in Glen and Grand
Canyons is representative of topographically complex
riverine environments in the arid southwestern United
States. Because of dam-regulation, some of the bio-
logical resources in the CR ecosystem are highly af-
fected (Blinn and Cole, 1991; Stevens et al., 1997a,
1997b), and considerable evidence suggests that this
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flows through an extensive geographic region where
suspended-sediment supplied from tributaries limits
subaqueous PPFD (Shaver et al., 1997). Yet, these light-
attenuating effects are subsequent to the influence that
topographic relief has on regulating the quantity of in-
coming solar incidence received initially at the water
surface.

We examined the role topographic relief has on
regulating daily, seasonal and annual solar insolation
reaching the CR water surface. Geomorphic control
functions at regional and local scales to influence the
incised characteristics of this canyon dominated river
by regulating channel meanders, orientation and topog-
raphy (Schmidt, 1990; Gregory et al., 1991; Stevens et
al., 1997a; Schmidt et al., 1998). Ecologists have faced
similar problems in other aquatic systems; yet, beyond
general site-specific descriptions empirical efforts are
often quantitatively compromised by limited deploy-
ment periods or spatial coverage. A number of pre-
dictive solar models are available (Dubayah and Rich,
1995; Kumar et al., 1997), although some are incom-
plete, costly, complicated, or have considerable data
requirements. Thus, our study had multiple objectives:
(1) develop a generalized model for estimating instan-
taneous solar flux for large rivers containing topograph-
ically complex environments and (2) determine where
differences in daily, seasonal and annual solar insola-
tion occurred along the CR.
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iver is light-limited and partially dependent on a
otrophic production (Blinn and Cole, 1991; Shaver
l., 1997; Stevens et al., 1997a, 1997b; Blinn et
998; Benenati et al., 2000; Walters et al., 2000; S
on et al., 2001). This condition is unusual, becau
ost large rivers are primarily an allochthonous ba

ystem (Haden et al., 1999); therefore, understandin
hysical factors limiting PPFD has considerable e

ogical significance for this and other regulated riv
The CR is one of the most regulated large riv

n the US that flows 475 km through northern A
ona between two large reservoirs, Lake Powell
ake Mead (Stevens et al., 1997a, 1997b). Becaus
uspended-sediment is now sequestered in Lake
ll reservoir, hypolimnetic flows released from G
anyon Dam (GCD) are highly transparent. Dam

eases typically fluctuate from 142 to 708 m3 s−1 on
diurnal schedule. This is a very turbulent river
. Methods

Study area includes four major canyon sectio
len Canyon, Marble Canyon, Central Grand Can
nd Western Grand Canyon (Fig. 1). These large
anyon sections have varying channel widths, hei
nd orientations (Stevens et al., 1997a, 1997b). Con-

ained within these major canyon sections are sub
escribed as geomorphic reaches, each having d
nt topographic, stratigraphic and erosive charact

ics (Howard and Dolan, 1981; Schmidt, 1990; Stevens
t al., 1997a) (Table 1). Locations are described in re

ion to distance in river kilometers (Rkm) downstre
rom GCD (0.0 Rkm).

.1. Solar and ground incidence

Solar flux is distributed over a broad ran
f wavelengths and peaks within the visible b
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Fig. 1. Map showing major canyon sections, geomorphic reaches, and tributaries of the Colorado River. Estimates of daily solar insolation were
calculated at hectometer intervals along the entire river centerline for 474.5 km from Glen Canyon Dam to Lake Mead, AZ.

Table 1
Major canyon sections and geomorphic reaches found along the Col-
orado River from Glen Canyon Dam to Lake Mead

River kilometer

Glen Canyon section 0.00–26.8

Marble Canyon section
Permian (PE) 26.8–43.5
Supai gorge (SG) 43.5–61.7
Redwall gorge (RG) 61.7–83.1
Lower marble Canyon (LMC) 83.1–124.3

Central Grand Canyon section
Furnace flats (FF) 124.3–149.9
Upper granite gorge (UGG) 149.9–214.9
Aisles (AI) 214.9–227.3
Middle granite gorge (MGG) 227.3–250.5

Western Grand Canyon section
Muav gorge (MG) 250.5–282.7
Lower Canyon (LC) 282.7–369.4
Lower granite gorge (LGG) 369.4–421.2
Western Canyon (WC) 421.2–474.5

Boundary locations are based on river kilometers (Rkm) in relation-
ship to distance downstream from Glen Canyon Dam.

(400–700 nm), constituting 38.15% of the total solar
spectrum (Kirk, 1983). Solar radiation impinging on
the earth’s outer atmosphere is relatively constant, with
exceptions due to differences in solar surface temper-
ature and the earth’s elliptical orbit (Jones, 1992). In-
cidence received at ground level, however, is far from
constant and is small relative to total extraterrestrial so-
lar flux. In general, net atmospheric solar flux measured
at ground level is less than 5% because of light absorp-
tion and scattering from ozone, water vapor, and air-
borne particles (Cole, 1983; McCullough and Porter,
1971; List, 1971). This ground level incidence is reg-
ulated by geometric orientation of the sun relative to
the incidental surface. Angular departures from nor-
mal (perpendicular to the surface) increases the solar
zenith angle, which results in decreasing total solar flux
received at the earth’s surface (Jones, 1992; Rosenberg
et al., 1983). Simple estimates of solar flux (SF) are
determined as:

SF= SFN cosθ (1)
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where SFN is solar flux normal to surface, andθ is
zenith angle, representing the angle between the di-
rect beam and normal; therefore asθ increases, SF de-
creases.

In addition toθ, the depth of the overlying air-mass
influences the degree of atmospheric absorption, reflec-
tion, and refraction, such that SF decreases exponen-
tially as a function of optical depth (Page and Sharples,
1988; Kasten and Young, 1989). Beer’s law describes
this relationship as:

SF= SF0e(−Kz) (2)

where SF0 is initial solar flux,K is coefficient of at-
mospheric light-attenuation, and SF is resulting in-
tensity after a known optical depth (z) through a
given air-mass (Stine and Harrigan, 1985; Kasten and
Young, 1989). Yet, accounting for multiple-light at-
tenuating factors requires considerable knowledge of
atmospheric conditions (e.g., climate, transmissivity,
atmospheric pressure, and cloud cover), and for all
practicality atmospheric data are not sufficiently robust
or available for most localities (List, 1971). This often
precludes using more conventional methods for esti-
mating SF. We used an alternative approach whereby
we substituted SFN for a parameter called normal-
ized ground incidence (GIN). This parameter represents
maximum SF received at ground surface following
atmospheric light-attenuation ifθ were normal (θ =
0◦) and assumes that factors contributing to light-
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mathematical coordinate system used to estimate solar
angles requires knowing the spatio/temporal relation-
ships specific to a site location. Solar coordinates are
based on solar time (ST), thus differences among lo-
cal standard time (LST) and ST must be considered.
Converting LST to ST requires two adjustments. The
first accounts for differences in longitude among stan-
dard meridianLST and observation locationLOB. We
used a correction of±4 min (i.e., positive east and neg-
ative west) for every degree longitude (Rapp, 1981).
Secondly, seasonal differences among LST and ST
(±16 min) are related to the earth’s elliptical orbit and
inclination relative to solar orbital plane. The equation
of time (E) accounts for the earth-sun geometric rela-
tionship, and is calculated from:

E = 9.87 sin

[
2(360(Jday− 81))

365

]

− 7.53 cos

[
360(Jday− 81)

365

]

− 1.5 sin

[
360(Jday− 81)
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]
(3)

where daily differences in ST relative to LST are cor-
rected by Julian date (Jday) (Cousins, 1969). By com-
bining temporal adjustments, ST is calculated from

ST = LST + 3.989(LST − LOB) + E (4)

where LST is local standard time,LST is standard
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ttenuation remain constant. Validity of this assu
ion is contingent on the variability of local atmosphe
onditions. Therefore, constancy of GIN requires som
mpirical grounding to determine whether the e
aries systematically (spatio/temporal) or within l
ls acceptable to researchers.

To address this, we used data measured at wate
ace (LiCor, Inc., LI-190SA) representing PPFD

wide range ofθ angles collected at multiple sit
or different years, seasons, and times. We solve
he best estimate of GIN using a non-linear optimiza
ion program and applying a minimization techniq
hat reduced the sum of squared residuals (Frontlines
ystems, Inc. 1999).

.2. Solar coordinates and zenith angle

The above relationships indicate thatθ is impor-
ant for estimating daily solar insolation because
eridian,LOB is observed meridian, andE is equation
f time.

Solar declination (δ) represents the earth’s angu
ilt to the sun, which shifts seasonally±23◦26′ between
ernal and autumnal equinoxes (Duffie and Beckman
980). Declination is calculated using:

= 23.439 sin

[
360

(
283+ Jday

365

)]
. (5)

he hour angle (ω) represents the angle of depart
rom solar noon (0◦), which varies±15 h−1, (i.e., pos
tive east and negative west) and is used to co
or temporal deviations due to differences in longit
mong sites, and seasonal differences that occu

ween LST and ST. Since ST is needed to accur
stimate solar coordinates,ω allowsθ to be estimated

= cos−1(sinδ sinϕ + cosδ cosϕ cosω), (6)
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where δ is declination angle,ϕ is observed latitude
for the observed site, andω is hour angle. For a more
rigorous explanation of these predictive relationships
refer toForsythe et al. (1995), Mueller (1977), Rapp
(1981), Stine and Harrigan (1985), andCampbell and
Norman (1998).

2.3. Estimating photosynthetic photon flux density

Following effects from atmospheric light-
attenuation, normal ground incidence GIN is par-
titioned into sub-components, representing direct
beam GIDB = GIN (x) and diffuse incidence GIDI
= GIN (1 − x). The variable “x” is equivalent to a
proportion of direct solar beam in relation to total solar
incidence. The proportion of ground incidence (x =
GIDB/GIN) received directly from direct solar beam is
considered to be approximately 75% of the total solar
flux (Monteith and Unsworth, 1990). Even though
GIDB is highly directional relative to GIDI (downward
angle across the skylight) total ground incidence (GI)
can be estimated

GI = cosθ(GIDB + GIDI). (7)

The temporal reference used for sunrise and sunset is
a geometric definition based on the solar disc center
perpendicular to normal (θ = 90◦). Yet, unlike direct
solar beam, atmospheric scattering of diffuse incidence
is measurable prior to sunrise and sunset time. There-
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where, 360 represents the earth’s solar rotation,
365.2442 is number of days for an annual rotation, and
±3.44% is a distance offset. This results in a linear cor-
rection (astronomical units) to GIN between 1.0344%
on 3 January, to 0.9674% by 5 July (Thekaekara, 1977).

Although solar coordinates for the geometric center
of sunrise and sunset can be derived, topographic relief
is important when obstructive features vary in eleva-
tion along the solar ephemeris, as well as its influence
on the proportion of visible skylight, here after referred
to as viewshed (VP). For this reason we estimated: (1)
solar times for direct-rise and direct-set of the GIDB
for each Jday, (2)VP and (3) canyon orientation. Topo-
graphic elevation angles were estimated using a geo-
graphical information system (GIS) hillshade function
(ESRI, Inc., 2002) on a digital elevation model (DEM,
10 m cell size) for sites located on the CR centerline
at 100 m intervals from Glen Canyon Dam to Pierce
Ferry (Mietz and Gushue, 2002).

Diffuse incidence increases at angles adjacent to
direct angular beam, and conversely decreases with
greater zenith angles. Any decrease in viewshed re-
duces the quantity of diffuse incidence, even though
the overall proportion may be small (≤25%) in rela-
tion to the direct solar beam (Monteith and Unsworth,
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as used to regulate direct beam exposure. The C
urs when the center of the sun is 6◦ below horizon
nd has approximately a 24 min time difference fr
eometric sunrise and sunset time. The temporal

nitiating GIDB is based on geometric sunrise and s
et (θDB = θ) (temporal differences due to refraction
ot considered). However, to account for temporal

erences among diffuse and direct incidence, we d
nset and end time for GIDI based on CT (θDI = θ −
◦). Our relationship for estimating ground inciden
oes not differentiate between proportions of refle
lbedo to reflected skylight.

At northern latitudes, the shortest radius ve
earth center to sun center) distance occurs during
er periods. Because of earth’s asymmetric orbit
djustment to GIN must be made to account for da
ifferences in solar distance (sd). This is expre
990). Clearly, GIDI is not evenly distributed acro
heVP, although we assume thatVP ≈ GIDI. The tota
round incidence is estimated by:

I = [(cosθDB × GIDB) + (cosθDI × GIDI × VP)]

(9)

.4. Topographic complexity

We used an arc-info routine referred to as hillsh
unction (ESRI, Inc., 2002) to generate binary grid
epresenting areas of shadow and illumination f
iven set of azimuths and altitude angles. To a
onfusion, we distinguish between two types of a
ude angles. Elevation angles (ΨE) refer to angles mea
ured from a horizontal surface relative to a topogra
eature, whereas illumination angles (Ψ I ) refer to the
aximal angle between the topography and skylineΨ I
ngles were sequentially searched incrementally o
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Fig. 2. A schematic, illustrating the major topographic and solar altitude angles used for estimating instantaneous total ground incidence (GI).
Illustrated angles depicted are: zenith angle (θ) represents the angle between the sun and normal (N) a reference line perpendicular to the
incidental water surface; elevation angle (ΨE) represents the angle measured from a horizontal surface relative to a topographic feature (i.e.,
angles are used to vertically search for illumination angle in single-degree increments); and illumination anglesΨ I ) are the maximum elevation
angle between topographic skyline and horizon; solar altitude angle (ΨS) represent the angle between the sun and the horizon (i.e.,ΨS angles
are equivalent to 90◦ − θ) along the ephemeris; and azimuth angles (ΨA) correspond to cardinal directions (N, E, S, and W) measured within
the horizontal plane. Direct solar beam occurs whenΨ I ≤ΨS, such that GI = [(cosθDB × GIDB) + (cosθDB × GIDI ×VP)] (refer to text).

360◦ azimuth circle. For every azimuth angle searched,
a secondary loop was performed that advanced through
the range (0–90◦) of possibleΨE angles above the
horizon. EveryΨE angle was assessed for illumina-
tion using a binary condition that iteratively advanced
vertically at 1◦ increments. Once the condition for illu-
mination occurred, the resulting angle represented the
altitude of the topographic skyline (Fig. 2). For all pos-
sible azimuth angles, 360Ψ I angles were calculated
repetitively at 0.1 km increments along the river’s cen-
terline for over 4745 sites.

Although for a given site there were a total of 360
Ψ I angles, only two of theseΨ I angles (east and west
meridian) for a particular day achieved congruence
with the altitude angle of the sun (ΨS). These congruent
angles represented the topographic point where ground
incidence shifted daily from diffuse to direct beam, and
back again from direct beam to diffuse conditions. So-
lar altitude angle (ΨS) corresponds to theθ angle, such
that aΨS angle is equivalent to 90◦ − θ. We used a
computational routine that initiated a search based on
the estimated geometric sunrise and sunset time for a
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particular day. For every day, topographic direct-rise
and direct-set times were determined by sequentially
comparing allΨ I (direct rise and set) to knownΨS an-
gles found within the solar ephemeris. This routine was
performed in 1 min time increments until the congru-
ent conditionΨ I ≥ΨS occurred. ResultingΨ I angle
represented the angular location and solar time when
topography no longer obstructed direct solar beam. All
estimated times for direct solar beam were site depen-
dent and varied daily due to changes in observed lati-
tude, declination, and topographic relief; and based on
this temporal condition the term (cosθDB · GIDB) was
either used or excluded from Eq.(9).

Proportional area of the viewshed (VP) was deter-
mined using analytical geometry (Anton, 1984), where
for each azimuth angle (i), arc- or sky angle (αi) was
determined from the correspondingΨ Ii angle to nor-
mal (αi = 90◦ −Ψ Ii), such that the total proportion of
visible sky was described by:

VP =




360∑
i=1
αi/90

360


 . (10)

Only one of four possible channel orientations is as-
signed to each site, these cardinal directions included:
north–south (NS), northwest–southeast (NW–SE),
east–west (EW), and northeast–southwest (NE–SW).
Channel orientation was determined for each site us-
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stantaneous PPFD estimates at smaller time increments
(Yard, 2003). Although, our approach lacks an elegant
integration of insolation, it allows us to dynamically
control for other environmental variables operating at
smaller time increments.

2.5. Statistical analysis

Main effects ANOVA (Type VI unique) was used to
test for seasonal mean differences and interactions of
daily solar insolation among canyon sections, geomor-
phic reaches, and channel orientation (Sokal and Rohlf,
1995). Multiple comparison procedures (Single-factor
ANOVA and Tukey unequal NHSD) were used as post
hoc tests to determine group mean differences. Simple
linear regressions and bootstrap techniques were used
to compare differences among observed and predicted
estimates of GIN (Neter et al., 1996). We determined
relative error in our modeled estimates from atmo-
spheric influence under clear or cloudy conditions. Us-
ing a bootstrap technique, observed data for a range
of varying atmospheric conditions were analyzed to
determine relative error (RE = (E−O)/O) representing
the estimated error (E) relative to an observed mea-
surement (O). Data used for this analysis were inde-
pendent from data previously used for estimating pa-
rameter GIN. Data were segregated, representing either
clear skies or cloudy conditions. For each resample,
500 random samples were selected from empirical data
for clear skies (n = 29,813) cloudy skies (n = 25,051),
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ng a routine that searched all possible azimuth an
nd selected a discrete cardinal direction based o
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hotos were used to validate method for estima
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Empirical data for PPFD (�mol m−2 s−1) were ad
usted to normal by accounting for differences
ributed toθ (Eq. (6)) and solar distance (Eq.(8)). We
stimated the parameter GIN (Eq. (9)) by regressin
bserved against estimated incidence and solve

he best fit. Daily solar insolation estimates were
ived using a numerical solution that estimated ins
aneous PPFD through summation over discrete
teps (1 min intervals). We chose this approach
ther methods because our purpose was to deve
ethod for estimating aquatic primary production in
ptically and hydrologically variable environment

ng a discrete-state modeling approach that require
nd intermittent clouds (n = 9275). Median RE wa
teratively sampled with replacement for 10,000 bo
trap samples. Multiple statistical packages were
Statistica Statsoft, Inc., 1997; Resampling Stats, Inc
001).

. Results

Our estimated GIN was 2326�mol m−2 s−1

r2 = 0.94, n= 4312, S.E.± 36.3) that represente
lear-sunny daytime conditions characteristic
his large geographical region. Observed d
sed for estimating this parameter varied fr
321–2063�mol m−2 s−1, and included zenith angl

rom 12.79◦–49.79◦. Solar distance adjustment to GN
aried linearly 2326± 80�mol m−2 s−1 over a 182.5
ays period (Eq.(8)).
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3.1. Relative error in estimation of instantaneous
incidence

Data were collected over a range of field con-
ditions, and different years (1992–2001), seasons,
and times and sites. Instantaneous PPFD averaged
1052�mol m−2 s−1 and varied between 0.15 and
2100�mol m−2 s−1. Although a strong correlation
(p< 0.001,r2 = 0.987,n= 58,060) existed among ob-
served and estimated data, variation in solar in-
cidence increased during periods of continuous or
intermittent cloud cover. Our median RE for ob-
served incidence under clear skies for all seasons
was 2.3%, with a 95% bootstrap confidence inter-
val (CI95%) of 1.85–2.75%; whereas, under cloudy
conditions median RE was 100%, with a CI95%

of 92.5–107.5%. RE was most pronounced during
late-July through September monsoons, and winter
(December–March) when cloud cover was greatest.
However, an inverse response occurred during inter-
mittent cloud cover, which had an estimated inci-
dence less than observed (−2%), and had a CI95% of
−1.8 to −2.2%. This heightened response was per-
haps due to enhanced atmospheric scattering (Kirk,
1983).

We used a continuous set of logged PPFD mea-
surements (1992–1993), averaged over a 10 min period
to compare differences among observed and esti-
mated daily solar insolation (mol m−2 d−1). Under
optimal atmospheric conditions, results corresponded
linearly among estimated and observed daily insolation
(r2 = 0.987, S.E.± 9.3,Fig. 3).

F s (mol ber
1 arble C el
o
t

ig. 3. Predicted and observed daily solar insolation estimate
993). Observation site was located 76.5 km downstream in M

rientation. Data collected on 23 December 1992 demonstrates the in

o the estimate.
quanta m−2 d−1) for summer (22 June 1992) and winter (21 Decem
anyon Gorge (36◦12′6.6′′N, 111◦48′0.3′′W) having a north-south chann

fluence atmospheric interference has on mean daily solar insolation relative
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3.2. System wide comparisons among topographic
and idealized conditions

At an ecosystem-scale, annual estimates of average
daily insolation for topographically complex environ-
ments differed considerably when compared to ide-
alized conditions (no topographic relief:ΨE = 0◦ and
VP = 1.0) (Tables 2 and 3). Under idealized conditions,
mean annual daily insolation levels for CR was esti-
mated at 52.3 mol m−2 d−1 (15.7 S.D.). Alternately,
when taking into account topographic interference,
mean annual daily insolation was 36.0 mol m−2 d−1

(17.5 S.D.) for all sites (Table 2). Differences in mean
daily insolation due to topographic relief varied season-
ally, and on average were reduced from ideal by 22%
during summer, and as much as 53% during winter.
Comparisons among ideal and topographically com-
plex environments demonstrate that varying physical
obstructions strongly influence the seasonal quantity
of solar insolation reaching the CR corridor.

For idealized day-length estimates for geometric
sunrise to sunset ranged seasonally from 568–872 min;
however, when topographic complexity was taken into
account, total day-length for direct beam varied sea-
sonally within and among the different canyon sec-
tions, geomorphic reaches, and channel orientations,
and day length estimates for direct beam were con-
siderably less. Mean direct beam day-length for entire
CR system averaging 369 min (184 S.D.) annually, and
varied seasonally among summer (551 min; 108 S.D.)
a
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d

winter (F124,732= 171,p< 0.01), and channel orienta-
tion for summer (F34,741= 328, p< 0.01) and winter
(F34,741= 668,p< 0.01) (Table 3).

Topographic relief reduced viewshed (VP), as
well as duration of direct solar exposure. For
all sites evaluated,VP ranged from 0.45 to 0.95.
Canyon sections and geomorphic reaches having the
highest Ψ I angles and smallestVP were: Marble
Canyon Section (Supai Gorge, 43.5–61.7 km; Red-
wall Gorge, 61.7–83.1 km; and Lower Marble Canyon,
83.1–124.3 km), and Western Grand Canyon Section
(Muav Gorge, 250.5–282.7 km) (Fig. 1). Differences
in Ψ I angles and predominant channel orientation var-
ied among different geomorphic reaches and canyon
sections. MeanΨ I angles for all sites in the CR ecosys-
tem (475 km) ranged from 12.6◦ to 47.4◦ and averaged
33.9◦ (4.43 S.D.) (Table 2). Canyon sections and ge-
omorphic reaches influenced the geographical distri-
bution and variability ofΨ I angles within and among
sites, of these angles, and the sequence of repetitive
patterns occurring system-wide (Fig. 4).

Average annual insolation levels were not sig-
nificantly different among channel orientations. NS
orientation averaged 35.97 mol m−2 d−1 (14.1 S.D.,
n= 461,892) and EW was 35.96 mol m−2 d−1 (21.7
S.D.,n= 418,338). Depending on outlying topography
in canyon bound regions; NS orientations exhibited far
less variation in daily insolation among seasons than
did EW (Table 3, Figs. 4 and 5). Summer solar in-
solation for EW orientations was significantly higher
( ing
w so-
l

ef-
f nso-
l ,
s ola-
t
r and
8 ce
d re-
s tion
l deal
(

ted
d ites
h dif-
f ear
nd winter (161 min; 126 S.D.).

.3. Canyon sections, geomorphology and
hannel orientation

Canyon sections, geomorphic reaches, and cha
rientation significantly interacted to influence sola
olation levels measured at sites (n= 4745) for summe
F54,694= 3.82, p< 0.01) and winter (F54,694= 5.41,
< 0.01), and yet had no main factor effects or

ermediate interactions (Tables 2 and 3). Analyzed
eparately, post hoc tests (one-way ANOVA)
ealed significant differences between each of
ingle factors. Seasonal variation in solar insola
as significantly different for canyon sections d

ng both summer (F34,741= 310,p< 0.01) and winte
F34,741= 18,p< 0.01) (Table 3), geomorphic reache
uring both summer (F124,732= 208, p< 0.01) and
p< 0.01, HSD) than that of NS. Conversely, dur
inter EW orientations received significantly less

ar insolation (p< 0.01, HSD) than NS.
Under idealized conditions (lacking topographic

ect) summer and winter estimates for mean daily i
ation were 73.2 and 28.4 mol m−2 d−1. In comparison
ummer and winter estimates for mean daily ins
ion for NS orientation was 52.7 and 17.7 mol m−2 d−1,
espectively; whereas, EW orientation was 61.4
.1 mol m−2 d−1, respectively. This winter differen
ue to orientation is considerable, especially with
pect to EW orientation where mean daily insola
evels were on average reduced to 72% from i
Table 3).

Direct incidence was topographically obstruc
uring part of the year for 70% of mid-channel s
aving EW orientation and of these sites, average

use light conditions persisted for 19.3% of the y
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Table 2
Annual and seasonal (21 June and 21 December) estimates of mean daily solar insolation levels (mol quanta m−2 d−1) for major canyon sections and geomorphic reaches in Colorado
River from Glen Canyon Dam to Grand Wash Cliffs, Lake Mead, AZ

Major Canyon
sections geomorphic
reaches

Channel
surface
area (ha)

MeanψE

(S.D.)
Illumination angle MeanVp

(S.D.)
Mean annual,
mol m−2 d−1

(S.D.)

Mean winter,
mol m−2 d−1

(S.D.)

Mean summer,
mol m−2 d−1

(S.D.)

Minimum
(mol m−2 d−1)

Maximum
(mol m−2 d−1)

Sites

Minimum
(ψI )

Maximum
(ψI )

Glen Canyon 321.6 31.3◦ (14.2) 3◦ 70◦ 0.65 (0.07) 35.2 (18.3) 11.7 (6.1) 57.0 (6.8) 4.6 69.0 268

Marble Canyon 743.0 35.4◦ (12.5) 4◦ 71◦ 0.61 (0.07) 32.2 (15.4) 12.5 (4.8) 50.9 (7.3) 4.0 68.3 975
Permian section 156.3 30.1◦ (13.4) 4◦ 56◦ 0.68 (0.06) 36.6 (15.4) 15.2 (4.2) 55.9 (6.0) 5.8 68.3 167
Supai gorge 103.1 37.7◦ (11.0) 10◦ 54◦ 0.61 (0.03) 31.8 (14.6) 12.3 (4.4) 50.3 (6.3) 5.0 64.3 182
Redwall gorge 130.9 37.5◦ (11.4) 11◦ 53◦ 0.59 (0.06) 30.6 (14.9) 11.2 (3.7) 48.7 (7.2) 4.6 62.4 214
Lower marble Canyon 386.2 35.5◦ (12.8) 5◦ 71◦ 0.59 (0.06) 31.5 (15.6) 12.2 (5.4) 50.2 (7.1) 4.0 61.9 412

Central Grand Canyon 886.8 34.2◦ (13.0) 6◦ 65◦ 0.68 (0.06) 37.9 (17.9) 13.3 (6.5) 59.2 (5.3) 4.4 68.7 1262
Furnace flats 256.8 36.6◦ (12.5) 11◦ 55◦ 0.75 (0.07) 42.1 (16.0) 19.8 (5.6) 61.6 (5.8) 5.6 68.7 256
Upper granite gorge 360.8 35.2◦ (13.2) 7◦ 65◦ 0.65 (0.05) 35.9 (18.7) 10.2 (5.6) 58.1 (5.4) 4.4 65.8 650
Aisles 76.4 29.3◦ (10.7) 6◦ 55◦ 0.67 (0.01) 38.0 (17.0) 13.7 (4.9) 58.5 (5.1) 5.8 64.4 124
Middle granite gorge 125.9 31.5◦ (12.9) 6◦ 60◦ 0.69 (0.03) 38.8 (17.2) 14.2 (5.1) 60.2 (3.2) 5.6 64.8 232

Western Grand Canyon 1562 34.7◦ (14.8) 8◦ 69◦ 0.66 (0.10) 36.7 (17.8) 14.0 (7.0) 57.6 (7.3) 4.1 71.7 2240
Muav gorge 170.4 36.7◦ (14.4) 11◦ 66◦ 0.53 (0.03) 27.2 (17.8) 7.0 (3.1) 48.6 (9.5) 4.1 63.2 322
Lower Canyon 662.5 36.0◦ (14.8) 8◦ 69◦ 0.64 (0.09) 35.0 (18.0) 12.1 (6.5) 56.8 (6.4) 4.2 67.0 867
Lower granite gorge 142.5 32.4◦ (15.2) 8◦ 59◦ 0.70 (0.05) 39.4 (17.0) 15.2 (6.4) 60.0 (4.0) 5.1 65.7 518
Western Canyon 586.3 30.8◦ (13.8) 8◦ 54◦ 0.75 (0.05) 42.6 (15.3) 20.1 (4.1) 61.9 (4.2) 6.3 71.7 533

Colorado River ecosystem 3721 33.9◦ (13.8) 3◦ 71◦ 0.66 (0.09) 36.0 (17.5) 13.4 (6.5) 57.4 (6.8) 4.0 71.7 4745

Water surface area (ha) derived from STARS simulation model (Randle and Pemberton, 1987) based on Colorado River mean annual discharge of 323 m−3 s−1. Mean illumination
angles (ψI ) expressed in degrees, and derived from 10 m GIS coverage using arc-info hillshade routine (ESRI, Inc., 2002) (n= site× 360). Solar insolation levels were calculated
along river centerline at hectometers for total year (n= site× 366 days) and season (summer and winter solstice;n= site× days).
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Table 3
Summary data of mean daily insolation levels (mol m−1 d−1) have been estimated for summer and winter seasons (21 June and 21 December)
for the primary channel orientations, north–south (NS), northwest–southeast (NW–SE), east–west (EW), and northeast–southwest (NE–SW),
and distributed within the different canyon sections and geomorphic reaches of the Colorado River (total distance of 474.5 km from Glen Canyon
Dam to Grand Wash Cliffs, Lake Mead, AZ)

NS-orientation,
mol m−2 d−1 (S.D.,n)

EW-orientation,
mol m−2 d−1 (S.D.,n)

NW–SE-orientation,
mol m−2 d−1 (S.D.,n)

NE–SW-orientation,
mol m−2 d−1 (S.D.,n)

Summer Winter Summer Winter Summer Winter Summer Winter

GC 50.5 (5.4) 15.6 (3.3,n = 41) 61.2 (2.9) 8.4 (5.0,n = 91) 55.6 (6.3) 15.5 (6.1,n = 71) 56.5 (7.2) 9.2 (4.7,n = 65)

MC 47.3 (6.8) 15.1 (3.3,n = 349) 58.1 (3.5) 5.5 (2.3,n = 96) 49.6 (6.1) 14.1 (3.9,n = 160) 52.9 (6.8) 11.3 (4.7,n = 370)
PS 53.1 (5.2) 17.4 (2.6,n = 54) 66.8 (0.5) 11.2 (6.3,n = 4) – – 56.9 (5.8) 14.3 (4.3,n = 109)
SG 47.0 (4.1) 14.8 (2.3,n = 109) 61.2 (1.3) 13.6 (0.7,n = 3) – – 55.0 (5.7) 8.3 (4.1,n = 69)
RG 41.6 (5.5) 12.6 (2.4,n = 40) 57.2 (2.7) 4.8 (0.1,n = 12) 40.0 (7.8) 8.8 (2.3,n = 20) 51.2 (5.8) 11.7 (3.7,n = 142)
LMC 46.9 (7.6) 15.1 (3.8,n = 146) 57.7 (3.1) 5.0 (0.8,n = 77) 51.0 (4.5) 14.9 (3.5,n = 139) 46.0 (6.0) 7.8 (3.9,n = 50)

CGC 55.4 (5.4) 18.6 (3.2,n = 278) 62.9 (2.1) 8.3 (4.5,n = 385) 57.0 (4.9) 12.9 (6.1,n = 322) 60.6 (4.7) 15.6 (6.5,n = 277)
FF 58.8 (5.7) 20.7 (3.5,n = 108) 65.0 (2.4) 13.0 (7.4,n = 31) 58.3 (4.5) 23.8 (1.1,n = 6) 63.6 (5.3) 20.7 (5.6,n = 111)
UGG 52.5 (4.4) 16.6 (2.3,n= 107) 62.4 (2.2) 7.3 (3.7,n = 252) 55.7 (5.0) 11.3 (5.8,n = 232) 59.6 (2.5) 8.4 (3.3,n = 59)
AI 53.1 (2.1) 17.7 (0.8,n = 44) 63.5 (1.0) 9.4 (4.2,n = 55) 58.4 (2.2) 17.1 (2.2,n= 16) 54.1 (2.0) 14.4 (1.7,n = 9)
MGG 57.5 (2.4) 19.3 (1.1,n = 19) 63.7 (1.1) 9.0 (4.3,n = 47) 60.9 (2.4) 16.3 (5.6,n = 68) 58.4 (2.8) 14.3 (3.8,n = 98)

WGC 54.9 (9.0) 18.9 (4.4,n = 594) 60.8 (4.1) 8.3 (5.7,n = 571) 59.5 (5.0) 16.7 (5.6,n = 480) 55.6 (7.9) 12.2 (6.8,n = 595)
MG 37.4 (4.0) 10.7 (2.1,n = 93) 57.8 (2.9) 4.9 (1.0,n = 119) 48.6 (6.1) 4.6 (0.5,n = 21) 48.2 (6.6) 6.5 (2.6,n = 89)
LC 54.9 (5.7) 18.6 (3.0,n = 175) 59.6 (4.0) 7.4 (4.8,n = 256) 61.8 (4.9) 19.0 (5.7,n = 78) 54.5 (6.9) 10.6 (5.1,n = 358)
LGG 60.1 (4.4) 21.7 (2.2,n = 124) 62.8 (1.3) 7.2 (2.6,n = 111) 57.9 (4.3) 14.2 (4.9,n = 172) 60.5 (2.8) 17.5 (4.8,n= 111)
WC 59.7 (3.0) 21.2 (1.8,n = 202) 65.8 (1.3) 17.4 (5.6,n = 85) 61.0 (3.3) 19.1 (3.4,n = 209) 69.6 (3.0) 25.7 (5.4,n = 37)

CR 52.7 (8.4) 17.7 (4.2,n = 1,262) 61.4 (3.7) 8.1 (5.1,n = l,143) 56.9 (6.2) 15.0 (5.8,n = 1,033) 55.9 (7.4) 12.6 (6.3,n = 1307)

The standard deviation (S.D.) and site frequency (n) are indicated.

(70.5 days). Some sites were exposed solely to dif-
fuse conditions upwards of 194 days. Conditions of dif-
fuse incidence were most prevalent in Redwall Gorge
and Muav Gorge, where sites averaged 130 days of
diffuse incidence (Figs. 4 and 5). In contrast, NS ori-
ented sites that were exposed to only diffuse incidence
occurred less than 0.1% of the time and only during
winter. Because of declinational shift during winter
season (3 months), mid-day maximum PPFD levels are
900–1100�mol m−2 s−1 (i.e., winter maximum solar
altitudeΨ I at solar noon varied from 30◦ to 40◦). Du-
ration of diffuse incidence is prevalent system-wide
especially for EW orientation because of the higher
southerly skyline angles (Ψ I angles 33.9◦, 13.8 S.D.)
that often exceeded the maximum daily solar altitude
angle (ΨS) (Fig. 4).

Daily insolation was greatly reduced for most sites
in winter. Sites having EW orientations, exposed solely
to diffuse incidence from October through March,
had daily mean instantaneous PPFD levels from 80
to 170�mol m−2 s−1, with maximum mid-day inten-
sities from 125 to 300�mol m−2 s−1. In contrast,

sites having NS orientation with direct exposure had
daily mean instantaneous PPFD levels from 490 to
810�mol m−2 s−1, with maximum mid-day intensi-
ties from 950 to 1725�mol m−2 s−1. Other orienta-
tions (NW–SE and NE–SW) were intermediate to these
more extreme canyon orientations (Table 3).

4. Discussion

Localized topography strongly affected availability
of daily solar insolation levels received at Colorado
River surface (Figs. 4 and 5). At a system-wide scale,
topographic complexity generates a spatial and tempo-
ral mosaic of varying solar insolation. This variation
was a predictable consequence of canyon orientation,
elevation angles and viewshed. Canyon sections and
geomorphic reaches receiving greatest quantity of so-
lar insolation were located in areas having lowestΨ I
angles and largestVP (Fig. 1, Table 2). These same
canyon sections and reaches were either adjacent to
major tributaries or in the lower canyon sections.



168 M.D. Yard et al. / Ecological Modelling 183 (2005) 157–172

Fig. 4. Graphical results generated from GIS coverage using Arc-Info Hillshade routine (ESRI, Inc., 2002) for illumination angles (Ψ I , degrees)
measured over the cardinal directions, (i.e., north, east, south and west) (y-axis, 360◦ azimuth) along the center-line at every hectometer for the
entire river length (x-axis) from Glen Canyon Dam to Lake Mead (474.5 km). The lower graph represents a more resolute subset ofΨ I distributed
over a 360◦ azimuth circle from 210 km to 260 km. Major canyon sections indicated are: Glen Canyon (GC), Marble Canyon (MC), Central
Grand Canyon (CGC), and Western Grand Canyon (WGC).

Topographic relief may influence distribution,
biomass, and composition of phytobenthic community,
as well as seasonal primary production levels occurring
in this system. Suspended-sediment loads are respon-
sible for underwater light-attenuation due to sediment-
supply and transport processes (Rubin and Topping,
2001). We hypothesize that if the phytobenthic commu-
nity is seasonally light-limited in the CR as indicated
by Stevens et al. (1997a)its vertical extent and spatial
distribution may be regulated not only by apparent op-
tical properties of water (i.e., normal light-attenuation
coefficients,KN > 0.8) (Yard, 2003), but also by the
initial quantity of solar insolation available at water
surface. Spatio/temporal differences in solar incidence
are strongly regulated by topographic relief, yet remain

independent of other factors that attenuate underwater
light or preclude phytobenthic colonization.

Turbidity has been recognized as increasing with
downstream distance (Hardwick et al., 1992; Shaver et
al., 1997; Stevens et al., 1997a). Suspended-sediment
has a strong influence on the distributional patterns
(biomass/density) of primary and secondary benthos
(Shaver et al., 1997; Stevens et al., 1997a; Wilson et al.,
1999), fish (Schmidt et al., 1998), waterfowl and pis-
civorous raptors in this system (Stevens et al., 1997b).
Also, geomorphology has significant secondary effects
on aquatic and aquatically linked biota in the canyon
(Stevens et al., 1997a, 1997b). The vertical distribution
of the phytobenthic community is likely to adjust in re-
sponse to seasonal light-depth limitations. Persistence
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Fig. 5. Planar view represents the spatial and temporal distribution of maximum daily solar insolation (mol quanta m−2 d−1) for the entire year
(y-axis) along the entire river length (x-axis) in kilometers from Glen Canyon Dam to Lake Mead (474.5 km). Major canyon sections indicated
are: Glen Canyon (GC), Marble Canyon (MC), Central Grand Canyon (CGC), and Western Grand Canyon (WGC).

and/or reestablishment at or below compensation point
levels for the phytobenthic community require ei-
ther different physiological and metabolic pathways
(Blum, 1956; Whitton, 1970; Dudley and D’Antonio,
1991) or colonization mechanisms (Whitton, 1970).
Algal colonization rates in this dam-regulated sys-
tem are slow (>6 months) (Shaver et al., 1997;
Benenati et al., 1998) and occur primarily by fragmen-
tation. This is attributed to cold stenothermic conditions
(Shannon et al., 1994; Shaver et al., 1997; Blinn et al.,
1998).

For this system, cross-channel variation is small for
NS channel orientation because daily insolation levels
are regulated by differences in elevation angles along
the east and west canyon rims. Generally, these angles
vary little along the solar ephemeris. Alternately, EW
channel orientations demonstrate greater cross-channel
variation between southern and northern banks. This

variation is greatest during winter. We hypothesize that
light-depth limitation should be most evident for EW
oriented channels having high elevation angles, and ex-
pect to observe decreased primary production during
winter, and alternately higher production and standing
biomass during summer periods when channel receives
considerably more solar incidence. There is some evi-
dence for this phytobenthic pattern; however, the verti-
cal distribution is further compounded by longitudinal
differences in optical properties throughout the CR.

Owing to the increased duration of diffuse light con-
ditions during winter, it is hypothesized that deeper
benthic establishment and persistence is likely to be
precluded (Yard, 2003). The reasons for this are:
(1) winter maximum daily diffuse incidence at wa-
ter surface was estimated at 250–300�mol m−2 s−1,
and is considered below onset of light saturation for
Cladophora glomerata(Graham et al., 1982); (2) depth
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distribution of algae persisting at or above metabolic
maintenance may be limited solely to the varial zone
because PPFD decreases exponentially as a function
of depth (Blinn et al., 1995); (3) algal growth in this
zone is susceptible to diel flow fluctuations and desic-
cation (Blinn et al., 1995; Shaver et al., 1997; Stevens et
al., 1997a) and (4) solar insolation estimates are over-
estimated during winter due to increased atmospheric
interference.

We demonstrate that topographic relief affects daily
and seasonal solar incidence in different canyon sec-
tions and geomorphic reaches; and hypothesize that
system-wide primary production varies spatially and
temporally (Figs. 4 and 5). Secondly, we argue that the
phytobenthic response is regulated by solar insolation,
colonization constraints, underwater light-attenuation,
and desiccation by regulated flow fluctuations (Blinn
et al., 1995; Shaver et al., 1997; Worm et al., 2001,
Yard, 2003). Additionally, solar insolation has broader
ecological implications to the CR ecosystem. Patterns
of daily solar insolation correspond to total radia-
tion transmission, and probably explain some of the
distribution and phenology of xeric and riparian vege-
tation in the deep canyon ecosystem (Clover and Jot-
ter, 1994; Jones, 1992; Evett et al., 1994; Stevens et
al., 1995). Findings suggest that future comparisons
made among different regulating mechanisms (turbid-
ity and geomorphology) should also include temporal
variation in solar insolation, as both local and canyon-
wide geomorphology, and canyon orientation are inter-
c tion.

5

nd
a ered
w es-
p n-
m , and
p oral
v la-
t and
p to at-
m arts
f um
l ral
s ual-

ities, developing estimates having greater accuracy and
precision across all scales should be objective based.
Although problematic, it is resolvable empirically us-
ing remote sensors with appropriate density and distri-
bution.

We developed a computational program that numer-
ically solves for solar time, spatial coordinates and solar
insolation so that other researchers may resolve simi-
lar questions in this and other topographically com-
plex systems. The solar insolation model was written in
Visual Basic for applications (Microsoft Visual Basic,
1999), with several subroutines designed for an Excel
worksheet environment (Microsoft Excel, 2000). Doc-
umentation, downloading, and page access to updates
are available at:http://www.gcmrc.gov.

We recommend that users determine whether or not
our estimated GIN is an appropriate estimate for their
locality, partly because transmissivity differences may
require adjustments to GIN. Additionally, the model
does not account for subtle differences in solar in-
cidence when the ephemeris follows the topographic
skyline and/or multiple topographic direct-rise and
direct-set times during a single day. Even though al-
titude angles at specific sites were determined us-
ing 10 m DEM in a GIS-environment, other alter-
nate methods are just as practical for geo-referencing
and calculating elevation angles. Technological meth-
ods range from conventional surveying to handheld
protractors.
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